A B S T R A C T A possible role for dopamine in phosphate handling by the dog kidney was investigated by intrarenal artery infusions of dopamine. Dopamine increased fractional phosphate excretion both in the presence and absence of control of parathyroid hormone and calcitonin. In addition, dopamine increased both renal blood flow and sodium excretion; however, the phosphaturia was independent of these changes; since 30 min after completion of dopamine infusion, renal blood flow and sodium excretion returned to control levels and phosphate excretion remained elevated. For comparison, the vasodilator isoproterenol increased renal blood flow and sodium excretion without a significant change in fractional phosphate excretion. Thus, the phosphaturic effect of dopamine is probably independent of its vasodilator effect. The phosphaturic effect of dopamine could not be accounted for by subsequent conversion to norepinephrine, since norepinephrine was antiphosphaturic in the dog.
INTRODUCTION
Dopamine is not only a precursor of norepinephrine, but also has independent biologic activity. It is well established that infusions of a low dose of dopamine in the renal artery increase renal blood flow and sodium excretion (1) . The first objective of the present studies was to evaluate the possible effect of exogenous dopamine on phosphate excretion.
The kidney contains a large amount of aromatic amino acid decarboxylase, which converts 3-(3,4-dihydroxyphenyl)-L-alanine (dopa) to dopamine (2) (3) (4) . This enzyme system may account in part for the increased renal dopaminie content during dopa infusions in dogs and rats (5) (6) (7) . Therefore, we hypothesized that endogenous dopamine, i.e., intrarenally produced dopamine, might also have a role in renal phosphate handling.
These hypotheses were tested in dogs by infusions in the renal artery of either dopamine or dopa in the absence or presence of an inhibitor of aromatic amino acid decarboxylase. In addition, plasma parathyroid hormone (PTH)' level was controlled, since catecholamines have been shown to stimulate PTH release (8, 9) . METHODS Effect of exogenous dopamine on phosphate excretion Group 1. After three 10-min control clearance periods, dopamine (105 /Ag/kgnmin) was infused in the renal artery of dogs with intact parathyroid glands. After 10 min for equilibration, three 10-min experimental clearance periods were obtained.
Group 3. To rule out a possible role of altered PTH secretion, dopamine (0.88 ,ug/kg-min) was infused in dogs with control of PTH. This was achieved by a surgical thyroparathyroidectomy at the beginning of experiments, immediately followed by a constant infusion of bovine PTH (10 mU/kg-min), continued throughout the entire protocol. This procedure will be referred to as "control of PTH." Group 4. To evaluate the effect of vasodilation per se, isoproterenol (25 ng/kg.min) was infused in experimental periods in dogs with control of PTH.
Effect of dopa on phosphate excretion Group 5 . Clearance periods were obtained as in group 1, before, during, and after intrarenal infusion of L-dopa (50 ,ug/kg-min) in dogs with intact parathyroid glands.
Group 6. The same experiment was repeated in the absence of PTH. Dogs were thyroparathyroidectomized 18 h before experiments. The completeness of thyroparathyroidectomy was confirmed by decreases in plasma calcium and increases in plasma phosphate concentrations in each animal.
Effect of L-dopa in presence of an inhibitor of aromatic amino acid decarboxylase Inhibition of aromatic amino acid decarboxylase was obtained by an intravenous infusion of L-(-)-a-hydrazino-3,4-dihydroxy-a-methyl hydrocinnamic acid monohydrate (carbidopa).' This compound is preferentially accumulated within the kidney when infused intravenously (10). Watanabe et al. have recently reported that 50 mg/kg of carbidopa, infused over a period of 15 min in dogs, markedly inhibits L-dopainduced catecholamine synthesis in the kidn,ey3 (11) .
Group 7. After control clearance periods, carbidopa (50 mg/kg dissolved in 60 ml of saline, pH 1) was infused intravenously over a period of 15 min in dogs with control of plasma PTH level. Control studies were then performed with carbidopa alone infused during experimental periods. All dogs treated with carbidopa were artificially ventilated (Harvard Apparatus Co., Inc., Millis, Mass., respiration pump); blood gases and pH were measured in eight animals and remained constant. Group 8. After control clearance periods and carbidopa infusion, an intrarenal infusion of L-dopa (50 pkg/kg.min) was started and 15 min were allowed for equilibration before experimental clearance periods were obtained. Group 9. After control clearance periods and carbidopa infusion, dopamine was infused in the renal artey and experimental clearance periods were obtained. mm Hg. 1 h was allowed for equilibration before three 10-min experimental collections were obtained. All dogs were fed a standard pellet diet providing approximately 1% calcium and 0.8%o phosphate. They were allowed free access to water, and food was withheld approximately 18 h before the experiment. They were anesthetized with sodium pentobarbital (30 mg/kg body wt), and the trachea was intubated. Catheters were placed in a jugular vein and in a femoral artery and vein for infusions and blood sampling. Ureters were cannulated. 60 min before the initial clearance periods, all dogs received a priming dose of inulin, and a maintenance infusion of inulin in isotonic saline was administered at 1 ml/min throughout the experiments to maintain an inulin concentration of 0.25 mg/ml.
Effect of norepinephrine
Changes in total renal blood flow wer-e measured by an electromagnetic flowmeter, the probe placed on the left renal artery between the 20-gauge needle for infusions and its aortic origin.
Plasma and urine concentrations were measured as follows: inulin by the anthrone method (12), phosphate by the method of Young (13), sodium by flame photometry, and calcium by atomic absorption.
The data for each variable were averaged for clearance periods before, during, and after catecholamine infusions. Student's t test for paired or unpaired comparisons was used for statistical analysis, with a P value less than 0.05 considered to represent a statistically significant change.
RESULTS
Effect of exogenous dopamine on phosphate excretion (Table I) . Intrarenal infusions of dopamine in dogs with intact parathyroid glands increased the fractional excretions of phosphate and sodium and increased renal blood flow (Table I ). Fractional excretion of phosphate was increased both during (+ 6.25±0.88%, P < 0.01) and 30 min after discontinuing dopamine infusions, (+ 5.17±1.08%, P < 0.01). Fractional excretion of sodium was increased only during the infusions (+ 0.90 +0.20%, P <0.01).
To rule out an effect due to stimulation of PTH or calcitonin, dopamine was infused in the renal artery of dogs with control of plasma PTH. The same pattern of response was observed (Table I, group 3) .
To determine whether another renal vasodilating agent can reproduce the phosphaturic effect of dopamine, isoproterenol was infused in the renal artery of dogs with control of PTH. Control of PTH was important since isoproterenol stimulates PTH release (8, 9) . Isoproterenol increased renal blood flow and fractional excretion of sodium, but did not change systemic blood pressure (Table I , group 4). Fractional phosphate excretion was not significantly changed either during (P < 0.20) or after (P < 0.50) infusions. Although plasma phosphate concentration decreased slightly during infusions of isoproterenol, there was no change in the filtered load of phosphate.
Effect of dopa on phosphate excretion (Table II) .
Intrarenal artery infusions of dopa in intact dogs were phosphaturic. Fractional phosphate excretion was in- creased, both during (+ 6.4±1.2%, P < 0.01) and 30
In the absence of PTH or calcitonin (Table II, min after discontinuing dopa infusions (+ 5.9±1.4%, group 6), dopa remained phosphaturic: + 4.6±1.2%, P < 0.01). Fractional sodium excretion was increased P < 0.01 during, and + 5.6±1.3%, P < 0.01 after dopa only during infusions (+ 0.95± 0.30%, P < 0.01). infusions. C, control, NE, norepinephrine.
In the presence of carbidopa the kidney was still responsive to dopamine; there was a significant increase in renal blood flow and phosphate and sodium excretions (Table III, group 9) .
Effect of intravenous infusions of norepinephrine on phosphate excretion (Table IV) . Norepinephrine was infused in dogs with control of plasma PTH level to produce a mild increase in blood pressure (+ 19±3 mm Hg) without a decrease in renal hemodynamics. Renal plasma flow and glomerular filtration rate were 127±6.6 and 45.4+5.0 ml/min before and 142±8.3 and 50.5±5.6 ml/min during norepinephrine infusions. As shown in Table IV , there was a consistent decrease in fractional excretion of phosphate. Since plasma phosphate concentration tends to decrease during norepinephrine infusions, the decrease in fractional phosphate excretion may be a consequence of changes in plasma phosphate rather than a direct effect of norepinephrine. There were no significant changes in fractional sodium excretion, 1.62+0.48% before and 1.41±0.44% during infusions.
DISCUSSION
The present study in dogs was designed to investigate a possible role of dopamine in renal phosphate handling. Infusion of dopamine into the renal artery of dogs with intact parathyroid glands or into the renal artery of thyroparathyroidectomized dogs with control of plasma PTH produced a phosphaturia. Thus the phosphaturic effect of dopamine is independent of changes in PTH or calcitonin.
Although both renal blood flow and sodium excretion increased during dopamine infusion, the phosphaturia may be independent of these changes, since 30 min after completion of dopamine infusion, renal blood flow and sodium excretion returned to control levels and phosphate excretion remained elevated. It is well established that most renal vasodilators produce a natriuresis; however, their effects on phosphate excretion are variable. Schneider et al. have reported that for comparable increases in renal blood flow and sodium excretion, acetylcholine and prostaglandin El were phosphaturic, whereas bradykinin or prostaglandin E2 were not phosphaturic (14) . In addition, in the present studies another renal vasodilator, isoproterenol, was infused in the renal artery. Although isoproterenol increased renal blood flow and sodium excretion, there was no significant change in fractional phosphate excretion. There is, therefore, no pari passu relationship between renal vasodilatation and increased phosphate excretion by the kidney. Thus, for these reasons, including the persistence of the phosphaturia after return of blood flow and sodium excretion to control levels, it is likely that the phosphaturic effect of dopamine is independent of its vasodilator effect.
We next considered that the phosphaturic effect of dopamine could be explained by increased norepinephrine concentrations within the kidney. Increased norepinephrine content in the kidney has been reported after infusion of dopamine (7) . In addition, subcutaneous injections of very high doses of norepinephrine have been shown to be phosphaturic in parathyroidectomized rats (15) . In the present study, intravenous infusion of norepinephrine in dogs with control of PTH decreased the fractional excretion of phosphate. This decrease cannot be accounted for by decreases in renal hemodynamics, but could be exaggerated by the tendency of plasma phosphate concentration to decrease during infusions. Given the tendency for norepinephrine to be antiphosphaturic in the dog, it is unlikely that the phosphaturic effect of dopamine is due to conversion to norepinephrine.
With the background that exogenous dopamine produces a phosphaturia, we investigated a possible effect of endogenous dopamine on phosphate excretion by intrarenal infusion of the precursor of dopamine, dopa. Dopa is probably an inert compound (16) (17) (18) , which, when infused, increases the renal content of dopamine (5) (6) (7) . In intact dogs, renal artery infusions of dopa were phosphaturic. To rule out a role for PTH and/or calcitonin in this phosphaturia, the same experiments were performed in thyroparathyroidectomized animals and again dopa was phosphaturic. To determine whether the phosphaturia was due to dopa or its metabolite, dopamine, the phosphaturic effect of dopa was studied in the presence of carbidopa, which blocks conversion of dopa to dopamine. In dogs pretreated with carbidopa, dopa was no longer phosphaturic, although the kidney remained responsive to dopamine (Table III) In summary, the phosphaturic effect of dopamine is independent of changes in PTH, calcitonin, renal blood flow, and sodium excretion. It is not explained by an increase in norepinephrine biosynthesis, since norepinephrine infusions tend to decrease phosphate excretion in dogs. The phosphaturia was induced by either exogenous dopamine, or by an increase of the renal endogenous level, produced by infusion of dopa. The significance in man of this role of dopamine in renal phosphate regulation is difficult to assess at the present time. However, the plasma levels of dopa in the present study are in the same range as in patients undergoing L-dopa therapy. In the present study, the dopa concentration in the infused kidney was 4 sg/ml, whereas Goldberg et al. reported a 3 Ag/ml peak concentration in a patient given a 1-g test dose of oral L-dopa (19) .
